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5Dipartimento di Scienze Chimiche e Geologiche, Università di Modena e Reggio Emilia, Via Campi 183, 41125 Modena, Italy
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We developed a quantitative approach for the determination of molecular arrangement and electronic structure
in anisotropic organic ultrathin films based on the measurement of polarized reflectivity at the carbon K-edge. The
reflectivity spectra were fitted to a parameterized model calculation. The method was applied to a self-assembled
monolayer of 1,4-benzenedimethanethiol on gold. To simulate reflectivity, the organic anisotropic film was
described by a dielectric tensor, obtained by ab initio calculations for the single molecule and suitable rotations
to describe the molecular organization in film domains. Film structure was obtained though the best fit of the
simulation to the experiment. Results were consistent with a monolayer-thick film composed of domains of
molecules with in-plane isotropic distribution of orientations. In each domain, molecules adopted a standing
configuration, with a tilt of 28° relative to the substrate normal. Information on the modification of the molecular
electronic states due to chemical bonding was derived.
DOI: 10.1103/PhysRevB.89.045401 PACS number(s): 78.66.Qn, 68.55.−a, 78.20.Ci, 78.70.Ck
I. INTRODUCTION
The lineshape analysis of light scattering in photon-
in–photon-out processes versus photon energy, photon po-
larization, incidence, and scattering geometry can disclose
microscopic details of the surface and near-surface region of
a system1 through the spatial and energy dependency of the
real and imaginary parts of the dielectric function.2–6 In the
near-visible range, optical constants of thin films and surfaces
are commonly obtained thanks to consolidated specular
reflectance techniques and related methodologies.4,7–11 On
the other hand, scattering techniques in the x-ray range, and
especially specular reflectance at resonance, provide effective
tools for refined atom and depth-resolved investigation of the
chemical, structural, and magnetic12–14 properties of a variety
of systems, including organic materials.15–22
In this paper we considered the grazing incidence
elastic-scattering process—polarized resonant soft x-ray
reflectivity—at the carbon K-edge of an ultrathin organic film
deposited on inorganic substrate. The measured reflectivity
was simulated by a parameterized phenomenological model
that was fitted to the experimental lineshape. The simulation
was based on the propagation of the electromagnetic field in the
vacuum/organic-film/substrate system, where the organic film
was treated as an anisotropic material, described by a dielectric
tensor. The elements of the tensor were derived calculating
the anisotropic absorption cross section of the molecules
through density functional theory (DFT) and subsequently
applying the appropriate rotations to describe the arrangement
of the molecules in the domains composing the film. The
range of validity and applicability of a dielectric model
in the description of ultrathin layers has been treated in
references7,9,10,23 for isotropic films. In this paper the range
of application is extended to anisotropic films.
As a benchmark system we have chosen a 1,4-
benzenedimethanethiol (BDMT) self-assembled monolayer
(SAM) on polycrystalline Au(111). This choice was dictated
by several reasons. Thiol and dithiol molecules containing
aromatic rings are widely studied systems because of potential
use in molecular electronics.24–29 Moreover, in recent years
we gained a detailed knowledge regarding the formation of
BDMT SAMs on well-defined gold surfaces, exploiting both
in-vacuum and in-liquid deposition, thanks to a systematic
investigation by spectroscopic ellipsometry (SE), reflection-
absorption infrared spectroscopy, electrochemistry measure-
ments, photoemission, and x-ray absorption (XAS).30–35 We
elaborated a reliable protocol30,35 for obtaining single-layer
films with molecules in a standing up configuration, with a
sulfur headgroup bonded to the substrate and the other S-H
unbound group pointing upright. The films in the present
study were prepared according to this protocol. While the
film-building block (individual BDMT molecule) is relatively
compact and simple to simulate with theoretical tools, the
overall film structure is rather complex, due to the texturing of
the substrate, the formation of domains with varying in-plane
orientation, and the reciprocal molecular orientations within
domains. This represents a typical realistic assembly situation,
which can be encountered in many different fields, both basic
and applicative, of organic thin films.
On one hand, our method provides a quantitative scheme
to investigate ultrathin organic layers by polarized reflectivity
at the C K-edge (an optical range of considerable general
interest but requiring specific experimental care mainly in case
of ultrathin films). On the other hand, it reduces the complex
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situation of a multidomain organic anisotropic ultrathin film
to a manageable problem, offering a clear and—though
simple—physically rigorous framework to extract information
on morphology, atomic geometry, and electronic properties
of the film when these aspects simultaneously contribute to
dichotic optical lineshape of the organic layer at the C K-edge.
The presented approach, based on calculated wavefunc-
tions, constitutes an advancement with respect to similar works
in literature,15,16,22,36 where reflectivity is simulated using
scalar–isotropic–dielectric constants derived from XAS exper-
iments. The present method provides a direct insight into the
involved atomic orbitals, and, in perspective, it paves the way
toward a parameterized correction of the elements of the di-
electric tensor to account for molecule-molecule and molecule-
substrate interactions, which were neglected at this stage.
II. EXPERIMENTAL
Substrates were 200-nm-thick Au(111) polycrystalline
films deposited on mica (from PHASIS). They were annealed
at 600 °C for 30 s, followed by cooling under a N2 flow.
BDMT (98% purity, from Aldrich) was used without further
purification. The SAMs were prepared by immersing the
substrates into a N2 degassed fresh 1-mM solution of n-hexane
for about 30 min at 60 °C.30 The samples were then rinsed
with the same (fresh) solvent and dried with N2. All these
procedures were carried out in the absence of ambient light.
Specular reflectivity spectra were taken at the BEAR
beamline37,38 at the ELETTRA synchrotron (Trieste, Italy)
using linearly polarized light (degree of linear polarization
of 0.94) in the 280–320 eV range in s- and p-polarization
incidence. The energy resolution and grazing incidence angle
were 0.1 eV and 8.0°, respectively. Light intensity of direct and
reflected beam was measured with a photodiode (IRD SXUV-
100). The overall accuracy of reflectivity measurements was
of the order of few units in 10−3.
III. RESULTS AND DISCUSSION
Experimental reflectivity curves taken in s- and p-
polarization incidence are shown in Figs. 1(a) and 1(b) as
open dots. Electric fields within the media are indicated as Eij ,
where i identifies the medium index and j the light polarization
state (j = 1, 3 for inward s and p; j = 2, 4 for outward s and p).
The two s- and p-lineshapes present similar features,
including the dominant structure in the 284–286 eV region
and the additional modulations at higher energies. They
also present individual peculiarities, which depend on the
anisotropy of the film, clearly beyond the typical differences
due to the different polarization incidences. The directional
C1s → π∗ excitation from the aromatic ring carbon atoms is
responsible for the pronounced feature at about 285 eV, while
C1s → σ ∗ excitations in the ring plane are predominantly
responsible of the modulations at higher energy.30,31,33
In the simulation of light scattering by the vacuum/BDMT
film/Au trilayer [insets of Figs. 1(a) and 1(b)], the Fourier-
transformed wave equation kk − |k|2 + (ω/c)2↔ε = 0 (k is the
wave vector and the (complex) dielectric constant ↔ε is a tensor
for the film and a scalar for the substrate and vacuum) was
solved in the whole space for s- (E01 field  0, E03 = 0)
FIG. 1. (Color online) Reflectivity spectra taken in s- (a) and p-
(b) geometries. The experimental spectra (exp_s and exp_p; open
dots) are compared with simulations for a 1.5-nm-BDMT film on
Au for different tilt angles of the molecules, following the model
described in the text.
and p- (E03 field  0, E01 = 0) initial incident electric fields
with the hypothesis that the fields (E22 and E24) coming from
− were zero. Elliptical polarization was generated in the
propagating fields inside the anisotropic BDMT layer (E11,
E13, E12, and E14) and in the reflected fields (E02, E04). The
corresponding s and p reflectivity was calculated.
The mathematical scheme we followed39 is of general
validity. It can be applied to a layered medium composed of
an unlimited number of anisotropic layers bonded to a semi-
infinite vacuum and semi-infinite substrate. The calculation
procedure follows that reported by Bertrand et al.40 and
extends to anisotropic media the method introduced in the
pioneering works of Parratt41 and Berreman.42
The model of the BDMT film used to simulate reflectivity
was elaborated on the basis of the insights obtained in previous
studies by photoemission, angular-dependent XAS, infrared
spectroscopy, SE, and electrochemistry.30–35 In these works, it
was derived that the molecules adopted a standing configura-
tion at the Au surface with the formation of S-Au bonding.
In this respect, it was assumed that the BDMT film had uni-
form thickness d and that it formed plane parallel abrupt inter-
faces [Fig. 2(a)]. It was further taken into account that the film
had a multidomain structure with an in-plane random uniform
distribution. This is physically due to the polycrystalline nature
of the substrate, with the Au surface constituted by grains of
prevailing (111) vertical orientation, and to the C3 symmetry,
or higher, of BDMT chemisorption on a generic (111) grain.
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FIG. 2. (Color online) (a) Model of self-assembling. The molec-
ular organization in a generic domain is shown (b). Calculated
absorption cross sections σxm , σym , and σzm along the xm, ym, and
zm axes of the BDMT molecule. (c) Sum of the squared residuals
S obtained from the comparison of the simulations for different tilt
angles and fixed BDMT thickness d = 1.5 nm with the experiment,
considering both s- and p-polarization spectra. An absolute minimum
is found for θtilt = 28°, as indicated by the arrow.
The molecular arrangement within a generic domain is shown
in Fig. 2(a). In the adopted model, molecules in the domain
were assumed parallel to each other, with the zm long axes
of the molecules forming an angle θtilt with the z axis of the
substrate and the projections of the xm axes on the substrate
plane forming an angle φd with the x axis of the substrate. The
ym molecular axes were kept parallel to the xy plane of the sub-
strate [the rotation angle ψm of the molecule around the long zm
axis was taken as zero in the calculation, as shown in Fig. 2(a)].
The substrate dielectric constant was taken from
literature.43 Concerning BDMT, in the generic domain shown
in Fig. 2(a) with parallel aligned molecules, the principal
optical axes coincide with the optical axes xm, ym, and zm of
the single molecule [Figs. 2(a) and 2(b)]. The dielectric tensor
of the domain ↔εM is diagonal in the xm, ym, and zm frame,
and along the principal axes the elements of the dielectric and
refraction index tensors are related by the scalar expression
ε̃Mjj = ñ2Mjj (with j = xm,ym,zm). This allowed us to derive
the elements of the tensor calculating the dichroic optical cross
sections σj of the single molecules along xm, ym, and zm and
the bulk BDMT absorption coefficient αj = Nσj , where N is
the density of the molecules. Posing ε̃Mjj = ε′Mjj + iε′′Mjj and
ñMjj = n′Mjj + in′′Mjj , recalling that n′Mjj = KK(n′′Mjj ) (KK
indicates the Kramers-Kroenig transformation) and expressing
αj = 4πn′′Mjj/λ0, it can be seen that once σj is known,
through Kramers-Kroenig transformations the complex values
of the dielectric elements ε̃Mjj can be derived. The tensor
↔
εM
obtained in this way is biaxial and diagonal in the xm, ym, and
zm frame, with ε̃Mxx = ε̃Myy = ε̃Mzz.
The numerical values of the optical absorption cross
sections σj of the single molecule [Fig. 2(b)] were calculated
through DFT for the electric field polarized along xm, ym, and
zm. In first approximation, the interactions of the molecules
between themselves and with the substrate were not taken
into account. The calculation was carried out using the Slater
transition state method44,45 through the code StoBe.46 The
geometry of the free molecule was first optimized, following
the scheme outlined in Ref. 31. Dipole transitions and angle-
dependent absorption at the K-edge were calculated at all
nonequivalent C atomic centers. An IGLO-III basis on each
excitation center was used to better describe relaxation effects.
Effective core potentials were used for the remaining carbon
atoms. The dipole-excitation spectra obtained in this way were
Gaussian convoluted with an energy-dependent broadening.
For a correct energy scale alignment of the absorption
spectra of nonequivalent centers, an additional Kohn−Sham
adjustment47,48 was applied to the lowest core-excited state for
each center.
The three calculated cross sections were normalized by
rescaling them, well below the C K-edge, to the absorption
coefficient of an isotropic medium with a partial concentration
of chemical species according to the molecular stoichiometry
(C8H9S) and obtained from atomic tabulated values.43 The
first pronounced peak at about 285 eV of photon energy is
associated with the excitation into the π* states of the aromatic
ring; the second structure is related to a transition to C–S/σ*
orbital, involving the C atoms in the methylene groups; the
third feature is similarly associated to a transition to π* states
of the aromatic ring; the fourth and fifth broad structures
are assigned to transitions to σ* levels.31 The π* and σ*
transitions are observed when the electric field of the incoming
light is oriented along the xm molecular axis, perpendicular to
the aromatic ring plane, and when the electric field vector is
in the ymzm molecular plane, respectively.
The density of the molecules, N = 4.0 × 1021 cm−3, was
taken constant in all domains, and it was fixed by assuming
that the mass density of the film corresponded to that of the
bulk material, ρ = 1.134 g/cm3. This is compatible with
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experimental results of standing thiol molecules on Au(111).31
Other realistic values of N in the range 3–5 × 1021 cm−3 were
also tested, leading to comparable results (not shown here).
In the simulation, the propagation of the fields had to be
calculated in the xyz frame of the substrate. To this end, the ↔εM
tensor was rotated by the tilt angle θtilt and the azimuthal angle
φd , in consistence with the rotation of the domain with respect
to the substrate axes [Fig. 2(a)]. By applying rotation matrices
R(θtilt, ϕd ) to
↔
εM , a new tensor
↔
εd describing the generic
domain in the xyz frame was then obtained, according to the
relation ↔εd (θtilt, ϕd ) = RT (θtilt, ϕd )↔εMR(θtilt, ϕd ), where RT
is the transposed matrix.
The dielectric tensor of whole BDMT film was finally
constructed applying a space average over multiple domains,
all of them sharing the same θtilt angle. We operated an average
over the azimuthal angle φd , giving rise to in-plane isotropy.
This average was performed under the assumptions that the
beam footprint was large enough (100 μm2) to subtend a
large number of domains, that the scattered intensity from dif-
ferent domains added up incoherently to contribute to the total
reflected signal and that the domains had random distributions
of in-plane orientations. On the basis of beam/field parameters
(wavelength, energy resolution, and beam divergence < 20
mrad) and the expected domain dimensions (of the order
of 10–20 nm or below), diffraction/interference effects from
domain structures and from their crystalline structure were
neglected. These assumptions appear of wide validity for
organic thin films on polycrystalline substrates.
The average dielectric tensor of the whole BDMT layer is
given by
↔










2 θtilt + ε̃Mzz sin2 θtilt) + 12 ε̃Myy 0 0
0 12 (ε̃Mxx cos
2 θtilt + ε̃Mzz sin2 θtilt) + 12 ε̃Myy 0
0 0 (ε̃Mxx cos2 θtilt + ε̃Mzz sin2 θtilt)
⎞
⎠.
It is diagonal and uniaxial, depending on the single parameter
θtilt. Within this model, films thicker than one monolayer,
which is not the present case, can be thought of as a stack of
single-layer-thick molecular films, in principle each of them
with its own geometry and specific dielectric tensor.
It resulted that θtilt and the layer thickness d were the only
free parameters to fit the model lineshape to the experiment. In
Figs. 1(a) and 1(b), the simulated reflectivities calculated at dif-
ferent θtilt angles (here shown only for 0°, 30°, 60°, and 90°) are
compared to the experimental curves in s- and p-polarization
incidence for d = 1.5 nm. A marked dependence of the
lineshape on θtilt was obtained, demonstrating the sensitivity
of our approach to the geometry of self-assembling. This was
possible also because the electronic properties of BDMT and
the related anisotropies are robust toward molecular-molecular
and molecular-substrate interactions, and in the film they
preserve the overall isolated molecule characteristics. The best
fit was obtained calculating the sum S of the squared residuals
from the comparison of both the s- and p-experimental curves
with the simulations, as a function of θtilt, as shown in Fig. 2(c)
(in steps of 5° or 1° close to minimum). A minimum was
found for θtilt = 28° ± 2°. This result is to be related with
previous findings in Refs. 30 and 33, where analogous values
of tilt angles were inferred by angular dependent XAS in
total electron yield. For comparison purposes, the S value
relative to a random (isotropic) molecular distribution is also
shown as a horizontal broken line. This clearly demonstrates
the anisotropic optical properties of the film.
To test the sensitivity of the procedure, a different molecular
arrangement within domains was also simulated, with the
molecules adopting a herringbone structure, as suggested
for benzenethiol.49 The result is shown in Fig. 3, where
simulations for a herringbone arrangement are compared with
the parallel alignment presented above. Simulations refer to
a tilt angle of 28°. For simplicity, the dielectric tensor of
the herringbone configuration was constructed supposing that
adjacent molecules in each domain were alternately rotated by
ψm = 0 and −90° in a mutually perpendicular arrangement,
as shown in the insets of Fig. 3. In this case, ↔εM was obtained
through an average with equal weights of the two different
molecular orientations, with ψm = 0 and −90°.
In s-polarization [Fig. 3(a)], the two configurations do not
differ significantly, except for a slight amplification of the π*
resonance at 285 eV for the herringbone arrangement. Major
differences occur in p-polarization [Fig. 3(b)]. In particular,
the first structure associated to the π* resonance at 285 eV
is pronouncedly reduced for the herringbone arrangement,
failing to reproduce the experiment. In this configuration,
in fact, 50% of the benzene ring planes are perpendicularly
oriented with respect to the surface plane, independently of
the tilt angle, and they do not contribute to the p-reflectivity
signal. Consequently, the overall agreement of simulation with
the experiment for both s- and p-polarizations was inferior
with respect to the parallel alignment of molecules discussed
above. The goal of this comparison, forcedly not exhaustive, is
not to exclude the possibility of other molecular arrangements,
better fitting the model to experiment. Instead, it evidences the
sensitivity of the method to the details of the interplay between
the geometrical and electronic structures of the film.
Besides the tilt angle, the monolayer thickness d is another
free parameter. It represents the distance between regions
where the soft x-ray photon propagating in the film feels
the change of electronic properties at the vacuum-film and
film-substrates interfaces. Several values of d were tested in
the range 0.5–3 nm. The effect of film thickness is shown
in Fig. 4. Simulations prove the sensitivity of the method to
045401-4
STRUCTURAL AND ELECTRONIC PROPERTIES OF . . . PHYSICAL REVIEW B 89, 045401 (2014)
FIG. 3. (Color online) Comparison between different molecular
configurations (parallel and herringbone) in each domain for (a) s-
and (b) p-polarization. Simulations refer to θtilt = 28° and d = 1.5 nm.
In the herringbone configuration, the relative orientations of the
two molecular frames composing the domain and corresponding to
ψm = 0° (xm1, ym1, zm1) and −90° (xm2, ym2, zm2) are reported.
small variations of layer thickness. While reflectivity in the
pre-edge region is substantially determined by the substrate,
changes of film thickness in the subnanometer range (with
same molecular density) show pronounced variations in the
edge region between 285 eV and 300 eV. Best agreement
with the experiment was found through fitting, following an
approach analogous to the one used for the determination of
the molecular tilt angle. The sum S of the squared residuals
from the comparison of both the s- and p-experimental curves
with the simulations is shown in Fig. 2(c) as a function of the
film thickness. A minimum was found for a thickness d =
1.5 nm, which is compatible with independent evaluations
derived from SE in the visible light spectral range.35 This
value was used in all other simulations presented in this paper.
Together with atomic geometry and morphological param-
eters, the method provided the elements of dielectric tensor
of the anisotropic BDMT monolayer. The three elements are
shown in Fig. 5 and correspond to the structure of Fig. 2(a).
We stress that these elements do not contain molecular-
molecular and molecular-substrate contributions. In this re-
spect, the misfit between experiment and simulation, especially
in the 287–289 eV region is physically meaningful. It indicates
how the chemisorption process affects the electronic properties
of BDMT, in particular its influence on the C-S bonding
(at 287 eV) at the bonding side and on the π*-σ* states,
due to molecule-molecule interactions and some degree of
FIG. 4. (Color online) Effect of film thickness in (a) s- and (b) p-
polarization. Simulations refer to θtilt = 28° for the molecular parallel
alignment, proposed in Fig. 2(a). (c) Sum of the squared residuals for
both s- and p-polarization from the comparison of the simulations
for different thickness with the experiment.
FIG. 5. (Color online) (a) Real and (b) imaginary parts of the
elements of the BDMT tensor ↔ε (θtilt = 28◦), d = 1.5 nm, molecular
parallel arrangement of Fig. 2(a).
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hybridization with substrate states and possibly to peculiar
steric conformation of the molecules that were not considered
here. In perspective, the matrix elements of the different
optical transitions of Fig. 2(b) can be parameterized to improve
the fitting to the experiment and to single out the spectral
regions where the optical properties deviate from that of
noninteracting molecules. However, it is noteworthy that in
spite of the simplifications of the model and of the lack of
adjustable parameters, most of the experimental features were
reproduced by the simulation, even in absolute magnitude.
Interface roughness was also not taken into account in the
model. Nevertheless, it may be expected that in this case
interface roughness can affect the overall intensity but not
the overall lineshape and relative intensities.
IV. CONCLUSIONS
In summary, we have demonstrated that rich quantitative
information regarding structure, morphology, and electronic-
chemical properties of an anisotropic organic monolayer film
can be obtained through a detailed study of the lineshape
of specular polarized reflectivity at the carbon K-edge.
This is based on fitting the experimental reflectivity with
a simulation through the calculation of the propagation of
the electromagnetic field in the vacuum/organic film/substrate
system. The organic film was treated as an anisotropic
medium, described by a dielectric tensor. We applied the
method to a single layer of 1,4-BDMT on polycrystalline
gold. Best fitting of the simulations to the experiment in-
dicated that the film had a multidomain structure, with the
molecules adopting a standing, parallel-aligned packing in
each domain, with an average tilt angle of 28° with respect to
the substrate normal. A thickness of 1.5 nm was obtained for
the film. Its anisotropic dielectric constants were derived from
ab initio DFT calculations of the anisotropic absorption cross
section of the single molecules. The application of this method
to different edges is straightforward.
We believe that the approach followed in this paper
will open interesting applications to a variety of organic
thin films, especially when other experimental techniques
cannot be straightforwardly applied. It provides a scheme for
quantitative investigation, for instance in those cases where
electron spectroscopy cannot be employed because of the
presence of nonconductive materials, of applied electrical
or magnetic fields, or the regions of interest are buried at
distances from the surface higher than electron-probe sampling
depth. The method described here can be easily extended to
multilayer anisotropic films also in the presence of different
self-assembling in each layer.
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